Plants adapt their root morphology in response to changing environmental 26 1.7 ±0.4 µm/min (n=15), which falls within a similar range to growth rates observed 132 on gel media (Yazdanbakhsh et al., 2011). A reservoir, connected to the root inlet via 133 a small channel, acts as a means to provide additional medium to each root during 134 initial incubation in growth chambers (Supplementary Figure S1) . The microchannels 135 were engineered to have a target height of 110 µm as this is the approximate diameter 136 of an Arabidopsis root. Hence, the growing root is confined in the z-direction, which 137 208 209
conditions, yet it remains largely unknown to what extent developmental adaptations 27 are based on systemic or cell-autonomous responses. We present the dual-flow-28 RootChip (dfRootChip), a microfluidic organ-on-a-chip platform for asymmetric 29 perfusion of Arabidopsis roots to investigate root-environment interactions under 30 simulated environmental heterogeneity. Applications range from root guidance, 31 monitoring of physiology and development under asymmetric conditions, tracing 32 molecular uptake and selective drug treatments to local inoculation with microbes. 33 We measured calcium responses in roots treated with biotic and abiotic elicitors and 34 observed elicitor-specific signal propagation across the root from treated to 35 untreated cells. We provide evidence for non-autonomous positive regulation of hair 36 growth across the root upon exposure to unfavourable conditions on the opposite 37 side. Our approach sheds light on lateral coordination of morphological adaptation 38 and facilitates studies on root physiology, signalling and development in 39 heterogeneous environments at the organ level. The rhizosphere is a diverse ecosystem and an environment with great structural and 44 compositional complexity. Soil texture and density, as well as its mineral content or 45 oxygen availability, can vary in a way that a single root system may have to adapt to 46 a range of micro-environmental conditions. Due to both biological activity and abiotic 47 conditions, any local micro-environment is permanently subject to changes, 48 rendering rhizosphere conditions highly dynamic. The ability of plants to adapt their 49 root system architecture according to soil conditions is a prime example of 50 developmental plasticity and has attracted increasing attention over the past 51 decades. The emergence of lateral roots and root hairs can be triggered or inhibited 52 in response to environmental stimuli. Soil conditions such as water content, nutrient 53 concentrations or salinity result in characteristic root system architecture through 54 growth modulation of primary and higher order roots as well as the density and length 55 of root hairs (Gruber et al., 2013; Rellán-Álvarez et al., 2016; Williamson et al., 2001) . 56 Root hairs are tip-growing protrusions of specialised root epidermal cells that play 57 important roles in soil penetration and absorption of phosphate and other mineral 58 nutrients (Brown et al., 2013; Haling et al., 2013) . Root hair development has served 59 as a readout for the root's response to a lack of mineral nutrients (Bates and Lynch, 60 1996; Chandrika et al., 2013; Müller and Schmidt, 2004; Song and Liu, 2015) . 61 Experiments on root systems exposed to different media conditions showed that 62 both lateral root formation and root hair development are regulated independently of 63 the global metabolic state, but rather responded to local conditions (Bates and Lynch, 64 1996) . The finding that hair development can be suppressed or stimulated on the 65 same root due to variations in local water availability (Bao et al., 2014) highlights the 66 ability of roots to modify their architecture on a cellular level and underlines the need 67 to study developmental adaptation at cellular resolution. 68 The high sensitivity of root cells towards changing environmental conditions is also 69 illustrated by rapid physiological changes that precede the regulation of root growth 70 and development. Responses to biotic and abiotic stimulation commonly involve 71 calcium signalling (Dodd et al., 2010) . The visualisation of cytosolic calcium transients 72 using luminescent or fluorescent sensors has revealed stimulus-specific calcium 73 4 signatures and long-distance communication in roots (Behera et al., 2015; Choi et al., 74 2012; 2014; Keinath et al., 2015; Kiegle et al., 2000; Knight et al., 1997; Krebs et al., 75 2012; Martí et al., 2013; Xiong et al., 2014 Ingber, 2014; Sanati Nezhad, 2014; Zheng et al., 2016) . This emerging field therefore 99 offers the potential to simulate the natural diversity found in soil. Indeed, the 100 significance of "soil-on-a-chip" microfluidic technologies for investigating complex 101 relationships between soil-dwelling organisms and their environment has been 102 recently highlighted (Stanley et al., 2015) . 103 Herein, we present a microfluidic device, termed the dual-flow-RootChip 104 (dfRootChip), that allows cultivation of Arabidopsis roots in asymmetric micro-105 5 environments. We guided root growth through an array of micro-pillars that centred 106 the root and allowed us to generate different conditions on either side of the root 107 using laminar flow. We demonstrate the versatility of the approach by following the 108 uptake of fluorescent molecules, by locally trapping plant-pathogenic bacteria at the 109 root surface and by imaging calcium signals upon selective application of abiotic and 110 biotic stresses. In addition, we studied the role of local environmental conditions on 111 the development of root hairs and found that root hair repression and stimulation can 112 be regulated both cell-autonomously and in a coordinated manner across the root. 113 The dfRootChip therefore provides a means for incorporating environmental 114 complexity into experimental design for studies on plant roots. Figure 1A) . 141 One of the major components of the dfRootChip is the root guidance array, which 142 consists of sets of triangular-shaped micropillars distributed in a regular arrangement 143 throughout the root observation channel (Figure 1C, Supplementary Figure S1 ). 144 This design specifically enables the direction of root growth to be controlled by 145 centring the root tip in the root observation channel ( Figure 1C ). An inter-pillar 146 distance of 355 µm (along the observation channel) was chosen as this corresponds 147 to a size that is slightly smaller than the distance between elongation zone (EZ) and 148 Arabidopsis root apex. This distance prevents the touch-sensitive columella cells Tracing uptake of small molecules into roots 182 To test to what extent stable asymmetric availability of small molecules is reflected 183 by gradients inside the root we subjected roots grown inside the dfRootChip to 184 1 µg/ml fluorescein on one side and traced the uptake of the fluorescent dye over 185 time (Figure 2A,B) . Within 30 seconds, we observed a fluorescence signal first in root 
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The dfRootChip facilitates investigation of root-microbe interactions 210 Besides the patchy availability of solutes in natural soil, roots also interact with 211 numerous beneficial or pathogenic microbes, which locally associate with the root. 212 As the nature of this colonisation is for many cases still obscure, there is a high 213 demand for tools that facilitate the visualisation of this process in vivo over time. We 214 tested whether the pillar array can be utilised as traps for microbes by inoculating the 215 root with a live culture of the plant pathogen Pseudomonas fluorescens expressing 216 green fluorescent protein (GFP) (Haney et al., 2015) . Within 10 minutes, we observed 217 a steady accumulation of bacterial cells at the pillar structures, in particular at the 218 pillar tips and in the niche between pillar and root ( Figure 2C ). This shows that the 219 pillar array can indeed be advantageous, when a local increase in microbe density is 220 desired to study the colonisation or infection of roots. (Figure 3) . 233 R-GECO-expressing roots grown in the device were exposed to controlled 234 asymmetric perfusion with 1 µM flagellin (flg22), a peptide widely used as biotic 235 elicitor that triggers plant immune responses (Felix et al., 1999) . The [Ca 2+ ] cyt response 236 upon symmetric treatment with flg22 was reported to start in the epidermis and travel 237 inward to the vasculature from where it would travel rootwards and shootwards in the 238 root (Keinath et al., 2015) . Upon applying asymmetric treatments we found that 239 [Ca 2+ ] cyt only rose in the epidermis on the treated side, after which it propagated into 240 deeper tissues with a velocity of 0.62 ±0.19 µm s -1 (n=5) (Figure 3A, Supplementary   241 Movie 3). The signal decreased substantially before reaching the untreated side of 242 the root, but, instead, propagated shootwards when reaching the vasculature 243 ( Figure 3B) . 244 To assess the [Ca 2+ ] cyt response upon asymmetric exposure to abiotic stress 245 conditions we exposed one side of the root to 100 mM NaCl to mimic salt stress. 246 NaCl treatment is known to generate long-distance [Ca 2+ ] cyt signals propagating 247 through the entire root system at velocities of approximately 400 µm s -1 when locally 248 applied to the tip of a lateral root (Choi et al., 2014) . Under our asymmetric treatments 249 we observed that the [Ca 2+ ] cyt signals started in the epidermis on the treated side and (Figure 4B,D) . Under symmetric phosphate 284 conditions, we observed that hair growth was also inhibited under phosphate-285 deficient conditions (20.6 ±16.0 µm) as compared to symmetric rich conditions 286 (167.9 ±79.8 µm) ( Figure 4A,C,D) . We obtained similar hair growth phenotypes in 287 experiments using hydroponic growth conditions in medium-filled containers 288 (Supplementary Figure S2) , which excludes that the unexpected finding was caused 289 by growth in the microfluidic device. Growth tests on vertical plates containing the 290 same medium supplemented with agar revealed, however, stimulated hair 291 development under phosphate-deficient conditions (Supplementary Figure S2) , 292 12 which is consistent with published data (Ma et al., 2001) . When we compared hair length of trichoblasts exposed to 2.5 mM KH 2 PO 4 under 312 symmetric and asymmetric conditions we noticed an increase in hair length by 32% 313 (p=10 -23 ) when the opposite side was subjected to phosphate-deficient conditions 314 (0.01 mM KH 2 PO 4 ) (Figure 4D) . This indicates that hair length in cells exposed to rich 315 phosphate conditions can be influenced by the overall phosphate availability. 316 To test whether the observed asymmetric response in root hair regulation was 317 specific to phosphate availability or a more general phenomenon, we exposed roots 318 to water stress, which has a known inhibitory effect on root hair length (Schnall and 319 Quatrano, 1992) . One side of a growing root was subjected continuously to a mimicking low Ψw stress conditions. After symmetric treatment with PEG for 329 16 hours, the average root hair length was found to be 53.3 ±22.9 µm (Figure 4G,H) , 330 compared to 193.2 ±62.1 µm under symmetric 1/2x HM (Figure 4E,H) . We observed 331 that under asymmetric conditions, root hair growth of the side in contact with the 332 PEG solution was arrested (Figure 4F,H 
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RootChips have been particularly useful for measuring cellular concentration changes 374 of small molecules using genetically encoded nanosensors for nutrients (Grossmann 375 et al., 2011; Lanquar et al., 2014 ), phytohormones (Jones et al., 2014 or the second 376 messenger calcium (Denninger et al., 2014; Keinath et al., 2015) . While test solutions 377 or changes in the root micro-environment could, so far, only be applied to the root as 378 a whole, the dfRootChip now provides the ability to apply treatments to one side of 379 the root and also study responses in cells that are not in immediate contact with the 380 test solution. In addition, combinations of two treatments can be tested without , 2014; Ma et al., 2001; Song et al., 2016) . The early finding that the transfer of 432 seedlings between media with different phosphate content always triggered a 433 phosphate concentration-specific response independent of the phosphate content in 434 the medium before transfer was taken as evidence that root hair length is locally 435 controlled (Bates and Lynch, 1996) and was later interpreted as a cell-autonomous 436 response (Karthikeyan et al., 2014) . However, so far no experiments had been 437 performed where trichoblasts on the same root were exposed to different external 438 phosphate concentrations at the same time. We therefore used root hair growth as a 439 developmental readout under asymmetric phosphate supply. Instead of enhanced 440 growth of root hairs, we observed, however, repressed root hair growth under 441 phosphate deficient conditions. Although this was unexpected at first, it is in line with 442 a study showing that hair growth stimulation under low phosphate depends on 443 sucrose in the medium (Jain et al., 2007) , which was part of the growth conditions in 444 the aforementioned studies on root hair length regulation but absent in our media. 445 We decided to not add sucrose to our media as we aimed to obtain root hair 446 responses under conditions that approximate natural habitats where sucrose is also 447 mostly absent. The apparent discrepancy between our results and previous work can 448 also be explained by the influence of gelling agents on root hair growth, which was 449 shown to have drastic effects with respect to phosphate-dependent hair growth 450 regulation (Jain et al., 2009 ) and other root traits (Gruber et al., 2013) . While previous 451 work has usually employed agar-containing media to study root hair length under 452 phosphate deficiency, our perfusion system involves exclusively synthetic 453 hydroponic media. An additional concern, regarding root hair measurements on 454 vertical plates is the inherent asymmetry in the experimental growth conditions, with 455 one side of the root being in direct contact with the substrate, while the other side is 456 exposed to air. Recent work demonstrated that hair growth is stimulated on the air 457 side and repressed on the medium side (Bao et al., 2014) , which means that hair 458 length measurements in many previous phosphate deficiency experiments may have 459 mostly evaluated trichoblasts that were not in direct contact with the medium. 460 Our experiments, using hydroponic perfusion in the dfRootChip demonstrated that 461 root hair growth under phosphate-deficient conditions can be repressed, 462 independent of the overall phosphate supply. This local response is evidence for a 463 cell-or cell-file-autonomous negative regulation of root hair growth. Yet, hair growth 464 on the phosphate-sufficient side was stimulated by approximately 32% when the 465 opposite side of the root was exposed to phosphate-deficient conditions. This 466 response of distal cells indicates the existence of intercellular communication in order 467 to positively regulate root hair growth. Ethylene signalling could present a potential 468 mechanism for this intercellular regulation, since recent studies showed an 469 involvement in root hair growth control under phosphate deficient conditions 470 (Nagarajan et al., 2011; Song et al., 2016; Song and Liu, 2015) . Interestingly, a very 471 similar response was observed under asymmetric water-stress conditions; high 472 osmolarity of the perfusion medium containing 20% PEG (w/v) resulted in hair 473 repression and an approximately 21% stimulation of hair growth on the opposite side 474 of the root. We therefore conclude that root hair development can be regulated on 475 both, the cellular and the organ level. Future studies will unveil the mechanisms and 476 regulatory networks that allow plants to adapt their root morphology. Arabidopsis thaliana seeds (Col-0 and R-GECO) were prepared for imaging as 504 described previously (Grossmann et al., 2012) with some modifications detailed 505 herein. Briefly, the seeds were surface sterilised using 5% sodium hypochlorite 506 solution (Sigma Aldrich, Germany) by vortexing the seeds for 3-5 mins and rinsing 507 three times with sterile double distilled water. The seeds were stratified for 3 days at 508 4 °C and germinated on 10 µl pipette tips (cut to ca. 5 mm in length) filled with half 509 strength Hoagland's medium (1/2x HM) solidified with 0.7% (w/v) plant agar (Duchefa 510 Biochemie, Germany) ( Supplementary Table S1 ). In all experiments the plants were 511 grown continuously under long day conditions (16 h light, 22 ºC, 100 µE m -2 s -1 , 512 50-70% relative humidity) except for those involving poly(ethylene glycol) (PEG) 513 treatments, which were grown under short day conditions (9 h light, 24 °C, 514 180 µE m -2 s -1 , 53% relative humidity).
515
Microfluidic device design and mould fabrication 516 The device design was constructed in AutoCAD Mechanical 2011 (Autodesk) and 517 used to create a mylar film photolithography mask (Micro Lithography Services Ltd., 518 UK). The master mold was manufactured using photolithography (Duffy et al., 1998) . 519 Briefly, a 100 mm silicon wafer (Silicon Materials, Germany) was spin-coated with 520 SU-8 3050 photoresist (MicroChem, USA) by dispensing ca. 4 ml of photoresist onto 521 the wafer while spinning at 100 rpm for 5 s with acceleration of 10 rpm/s, then 522 spinning at 500 rpm for 10 s with acceleration of 5 rpm/s and finally at 500 rpm for 523 10 s with acceleration of 5 rpm/s. The resist was baked at 95°C for 20 minutes for 524 hardening and then exposed in an MA6 ultraviolet (UV) mask aligner (Suss Microtec, 525 Germany) using the mylar film photolithography mask, with an exposure energy dose 526 of 500 mJ/cm² (l = 365 nm). The resist was again baked at 95°C for 12 minutes. Microfluidic devices were prepared as described previously (Grossmann et al., 2012; 548 2011) with minor modifications. Briefly, the devices were sterilised under ultraviolet 549 light for 20 minutes and the microchannels were filled with 1/2x HM by manually 550 pipetting medium through the root inlet. The inlets and reservoirs were then topped 551 up with 1/2x HM to ensure that they were completely filled. The Arabidopsis seedlings 552 were visually inspected using a stereoscope 4-5 days after germination to select for 553 roots being at approximately the same growth stage. The pipette tips containing the 554 Arabidopsis plants were then inserted into the root inlets under sterile conditions. 555 Each device was then placed into a round plastic petri dish, ca. 15 ml of 1/2x HM 556 introduced to provide a humid environment and each petri dish sealed with parafilm. 557 The petri dishes containing the microfluidic devices and plants were then transferred 558 into the growth chamber, tilted at an angle of ca. 20° to encourage root growth in the 559 direction of the microchannels and left until the roots had grown into the main 560 observation channels. The device was then transferred to a homemade rectangular 561 chip carrier, fixed with an adhesive tape and subsequently mounted on the 562 microscope stage. To maintain a humid environment, the dfRootChip was 563 surrounded by moist tissues and covered with a transparent plastic lid.
564
Poly(ethylene glycol) (PEG) experiments. 565 A 20% (w/v) PEG solution was prepared as follows. 40 g of PEG 8000 (Sigma-Aldrich, 566 USA) was dissolved in 100 ml of autoclaved full strength Hoagland's Medium 567 ( Supplementary Table S1 ) and made up to a final volume of 200 ml with double 568 distilled water. The pH was adjusted to 5.7. PEG solutions were always prepared 569 freshly and sterile filtered (0.22 µm filter) before use. Symmetric and asymmetric 570 treatments were performed using two Aladdin-220 syringe pumps (World Precision 571 Instruments, UK) to pump media into the microchannels. Specifically, two 60 ml BD 572 Plastipak sterile syringes containing the test solutions were held in the syringe pump 573 holders and each connected to a 7-port manifold (P-150, Ercatech AG, Switzerland) 574 using a flangeless fitting for 1/16" tubing, luer adapter (Ercatech AG, Switzerland) and 575 polytetrafluoroethylene (PTFE) tubing with inner and outer diameters of 0.25 mm and 576 1/16" respectively (Upchurch Scientific, Germany). Each manifold was used to split 577 the input flow into five separate flows, therefore serving five inlet channels (either 578 inlets 1A-5A or 1B-5B, Supplemental Fig. 1) . Tubing from the manifold was directly 579 inserted into the device inlets. Before each experiment, the tubing was thoroughly 580 rinsed with 70% ethanol or autoclaved. Connection of the tubing to the device inlets 581 was always conducted in a sterile hood and fluid was pumped through the tubing 582 when connecting them to the device inlets to prevent the introduction of air bubbles. 583 The flow rate per channel was set to 8 µl/min. Treatments were conducted 584 immediately after removing the microfluidic devices from the plant growth chamber.
585
Phosphate experiments. 586 For perfusion experiments under phosphate rich (2.5 mM KH 2 PO 4 ) or phosphate 587 deficient (0.01 mM KH 2 PO 4 supplemented with 2.49 mM KCl) conditions, liquid media 588 were prepared as described elsewhere (Chandrika et al., 2013) without the addition 589 of sucrose ( Supplementary Table S1 ). For experiments performed on agar plates, 590 the same media were supplemented with 0.7% plant agar (Duchefa, Germany).
591
Treatments were performed as detailed for PEG experiments with the following 592 modifications. The device was connected to a six-channel syringe pump (NE-1600, 593 New Era Pump Systems, USA) via Tygon flexible plastic tubing (ID 0.02 inch; 594 OD 0.06 inch; Saint-Gobain Performance Plastics, France) and stainless steel 595 connectors (0.025" OD, 0.013" ID, 0.5" long; New England Small Tube, USA). The 596 Supplementary 
